INTRODUCTION
In this paper, we discuss the results arising from using a finiteelement model [1] of cell deformation to study the optical stretching [2, 3] of normal and malignantly transformed fibroblast cells. The key feature of our model is the use of a constitutive viscoelastic fluid element [4] whose parameters are both spatially and temporally varying so as to mimic the experimentally-observed spatiotemporal heterogeneity of cellular material properties. First, we show that normal fibroblast cells can undergo active cellular response by increasing their cellular viscosity when optically stretched for loading times of between 0.2s and 2.5s. Second, we show that, under similar optical conditions, cells of a smaller radius will experience more stretching compared to cells of a larger radius. This may explain why malignantly transformed cells experience higher strains than normal cells. Third, we compute the extent of the propagation of stress in the cytoplasm, and show that, for malignantly transformed cells, the maximal stress does propagate into the nuclear region whereas for normal cells, the maximal stress does not. We discuss how this may impact the transduction of cancer signalling pathways.
METHODS

Finite-element formulation
We work in two dimensions and use a plain strain formulation to approximate the geometry of the cell. Each discretized region within the cell is represented by a viscoelastic three-parameter fluid that consists of a linear dashpot connected in series to a Voigt element [4] . We assume that the initial geometry of the cell is a circular domain of radius unity in non-dimensional units. We further assume that the material properties of the cell are azimuthally isotropic. Then, we can introduce the parameter ρ which is the radial polar coordinate of a material point from the origin of the cell such that the material property of each discretized region is a function of this parameter ρ. For NIH/3T3 cells [5] , we represent the actin cortex as the region 0.8 ≤ ρ ≤ 1 and the cytoplasm as the region 0 ≤ ρ < 0.8. The actin cortical region is modelled as a predominately elastic region with short retardation time and low viscosity, while the cytoplasm is modelled with long retardation time and high viscosity to approximate its fluidlike flow response. The effects of the forces generated by the optical stretching on the surface of the cell (ρ=1) can be approximated by [2] :
where σ is the stress normal to the cell surface, σ 0 is the peak stress along the laser axis, θ the angle relative to the laser axis, and n a parameter that depends sensitively on the ratio of the half width of the laser beam at the cell to the radius of the cell.
RESULTS
Active cellular response of optically stretched fibroblasts necessary to fit experimental data
When the model was used to fit the experimental data for loadings of different durations, it was found that the fitted material properties were a function of the duration of the loading. This observation suggested that some form of active cellular response to loading is present in which the cell altered its material properties in response to loading duration. We modelled this active cellular response by a linear increase in viscosity after a time delay of 0.2s to a maximum achieved after 0.2s. The time delay and maximum response time were chosen to model the time of polymerisation of actin and tubulin monomers into cytoskeleton filaments. By incorporating this active cellular response into our model, we can accurately capture the short-to-mid-time response of the optical deformation of the suspended fibroblast cells with one set of parameter values for the 
Figure 1. Comparison of simulation results with experimental data incorporating active cellular response
Maximal strain developed depends on the size of suspended fibroblasts cells being stretched
From experiments [5] , we know that the optical deformability of malignantly transformed SV-T2 fibroblast cells is significantly higher than that of normal NIH/3T3 fibroblast cells. It has been suggested that the thickness of the actin cortical region plays an important role in determining this difference. NIH/3T3 fibroblast cells generally have a larger radius and also a thicker actin cortical region as compared to SV-T2 fibroblast cells. The larger radius of the NIH/3T3 cells means that the value of the parameter n in Eq. (1), which characterizes the spread of the stress distribution, is higher. Thus, they are being subjected to a more localized stress distribution, under the same optical setup, as compared to the SV-T2 cells [5] . In Fig 2, we plot the percentage differences in the peak strain (obtained at 2.5s in our simulation) for different values of the parameter n and the thickness of the cortical region when compared to that obtained for a suspended NIH/3T3 fibroblast cell using a 20% cortical thickness subjected to n=4, i.e., a broad stress distribution. From Fig. 2 , we see that the percentage differences in the peak strain with respect to the parameter n for a fixed value of cortical thickness (horizontal arrow) is significantly larger than the differences in peak strain with respect to cortical thickness for a fixed value of n (vertical arrow). This shows that the parameter n, i.e., cell size, is a more important factor in accounting for the cellular deformation of the suspended fibroblasts compared to the cortical thickness.
Extent of intracellular stress propagation depends on the stretching profile
Finally, we studied the Von Mises stress [1] distribution within the cell as a function of the parameter n in Eq. (1). In Fig. 3 , we show the Von Mises stress distribution at 2.5s for two surface stretching profiles represented by (a) n = 20 (localized stress distribution) and (b) n = 4 (broad stress distribution). For the localized stress distribution, we see that the regions with the highest Von Mises stress concentration are offset from the centre of the cell and occur at a region just beneath the cortical region. This observation is distinctly different from that observed for the broad stress distribution in which the region of highest Von Mises stress corresponds to the centre of the cell. This observation is insightful as it allows us to track the stress propagation from the cortical region through to the cytoplasm as a function of the surface stretching profile and suggests that different mechanotransduction mechanisms might be activated in the optical stretching experiment as a result of the differences in the stress distribution within the interior of the suspended cell. 
